The application of kinetic probes that allow Materials. NDMA and 30% hydrogen peroxide were purchased from Sigma. Perdeuterio NDMA (NDMA-d6) was synthesized as described (20) . Benzyl alcohol, dimethyl sulfoxide (DMSO), t-butanol, CH30H, C2H3OH, and FeSO4-7H20 were purchased from Aldrich.
H202 with Fe2+, which reacts with N-nitrosodlimethylamne to generate a strong transient absorption at 450 nm. This provides a sensitive spectrophotometric probe of the competitive reactivities toward X of biologically relevant substrates such as nucleic acid components and amino acids. The second intermediate (Y) is probed by Its oxidation ofthe Ru(bpy)3+ ion (bpy = 2,2'-bipyridine) to a product with an absorption band centered at 500 nm. In the absence of other substrates, Ru(bpy)3+ is oxidized at rates independent of the Ru concentration, but the product yield is diminished by competing reactions with substrates that can intercept X. Competition studie demonstrate reactivity patterns for X and Y that are clearly di t from the pattern predicted for the hydroxyl radic, the intermediate commonly invoked in dicuions of Fenton oxidations. These data require reevaluation of the mechanisms by which the Fenton reagent oxidizes biological substrates.
The powerful oxidant formed from ferrous salts plus H202 in acidic aqueous solution, first described by Fenton a century ago (1) , is often cited as a model for biological processes such as in vivo oxidative damage during certain disease states, carcinogenesis, drug-associated toxicity, and postischemic reperfusion injury (2) (3) (4) (5) . The hydroxyl radical (-O) is generally invoked as the primary intermediate of such aqueous oxidations (6) , although other intermediates have been proposed for related reactions involving chelated iron(II) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Here we describe applications of additional probes of the reactivities of key Fenton reagent intermediates in aqueous media and resulting data, which argue for reconsidering the mechanisms of these oxidations.
One such probe is the strong, visible-range, transient absorbance (Abs(A)) that is generated when N-nitrosodimethylamine (NDMA) reacts Materials. NDMA and 30% hydrogen peroxide were purchased from Sigma. Perdeuterio NDMA (NDMA-d6) was synthesized as described (20 (21) . Product Analyses. Stock solutions were prepared in deaerated aqueous solution. One set of solutions contained NDMA at various concentrations and either 40 mM or 10 mM H202. The other set contained either 10 mM or 2 mM FeSO4 at pH 2.2. The reaction was initiated by mixing together 1.0-ml aliquots of each. After 30 s, a 0.4-ml portion of MeOH or 0.5 M NaOH was added to quench the reaction and precipitate any ferric ion. The solutions were filtered through a nylon 66 micropore syringe filter or centrifuged to remove the precipitated iron. The solutions were then assayed for NO -/NOas described (20) . 10 M-1ls-1 were determined. Notably, the rate constant kapp for appearance ofA is about 4-fold larger than that determined for Fe2+ oxidation to Fe3+ by H202 in the absence of NDMA (75 M-1s-1) (16) . Since the formation, not the secondary reactions, of the putative OH intermediate would be the rate-limiting step in such oxidations, the substrate-dependent rate constants argue strongly against the intermediacy of the hydroxyl radical under these conditions (16) .
RESULTS AND DISCUSSION
The maximum temporal absorbance (Abs(A).) for a specific experiment is a linear function of [Fe2+1] lier conclusion, based on the kinetics for Fenton reagent oxidation of NDMA (16) (Fig. 2A) .
Thus, the correspondence between the Ki values for quenching ofA formation determined spectrally and ofNO-product yields determined by chromatography indicated that A is a precursor to the NDMA oxidation products. which was experimentally indistinguishable from that (75 M-' s-1) determined for the oxidation of Fe2+ to Fe3+ under these conditions. With [Fe2+], = 0.5 mM, the magnitude and rate of the absorbance change at 540 nm (attributed to Ru0X formation) both proved independent of the initial Ru concentration over the range 0.5-5 mM. Thus, we conclude that the oxidation of Ru(bpy)2+ to Ru0, occurs subsequent to the rate-limiting unimolecular decay of X, a process that leads to ferric ion formation in the absence of other substrates (the k3 step in Scheme I). Since Fe3+ itself does not oxidize Ru(bpy)2+, one is thus led to conclude that the latter must be (Table 2) were again determined from the -xint values as described above (23) . Table 1. comparable reactivity patterns indicate a common mechanism for both quenching processes, consistent with the commonality being the interception of X in each case. This conclusion is reinforced by the observation that K '(MeOH) is (within ±20%o experimental uncertainty) unaffected by increasing the Ru concentration from 0.5 to 2.0 mM.
An obvious question is whether this second intermediate is -OH or some other oxidant. This can again be addressed by considering the quenching by MeOH, which displayed a Ki(S) value consistent with a mechanism operating by interception of X. The rate constants for the second-order reactions of MeOH and Ru(bpy)2+ with -OH have been determined to be 9.8 x 108 and 5 x 109 M-1 s-1, respectively (24 The exact natures of X and Y are as yet uncertain, although kinetic simulation studies carried out in this laboratory (16) suggest that X is formed by a reversible reaction of Fe2+ with H202. Thus (2) (3) (4) (5) (6) (7) (8) (9) (10) . Hydroxyl radicals are often invoked as being responsible for such damage; indeed the term "Fenton chemistry" is sometimes used to imply reactions involving free -OH. The present study demonstrates by using the simplest [and original (1)] Fenton reagent that such descriptions are misnomers. Indeed the Fenton system is characterized by two oxidizing intermediates, neither of which is free *OH. Each appears to be a metal-based oxidant, the reactivities of which should be considerably more selective and governed by local environments in biological systems than that of -OH. The question one now must ask is whether the historical Fenton reagent is simply an inadequate model for in vivo metal-catalyzed oxidations by peroxide or if the importance of hydroxyl radical in such situations has been broadly overestimated.
